Roller compacted concrete (RCC) pavement is subjected to continues traffic loading from vehicular activities which can results to fatigue cracking. Fatigue is one of the commonest defects affecting pavement which affect the cost of maintenance, and shortens pavement design life. To carter for these factors, higher deformation resistant pavements with longer design life need to be designed. Therefore, in this study, crumb rubber was used as a partial replacement to fine aggregate in RCC pavement to improve its fatigue life. Five mixtures were considered; one control mixture, two mixtures with fine aggregate replaced using crumb rubber at 10 and 20% by volume; one mixture containing 20% crumb rubber as partial replacement to fine aggregate 1% nano silica added by weight of cementitious materials. Lastly, one high volume fly ash (HVFA) RCC pavement mixture where 50% cement was replaced with fly ash, and 20% fine aggregate replaced with crumb rubber. The results showed that both crumb rubber and nano silica increases the bending resistance and fatigue life of RCC pavement. While HVFA decreases both flexural strength and fatigue performance of RCC pavement. The double logarithmic-equation can best be used to determine the stress level-number of cycles (S-N) fatigue behavior and relation for RCC pavement mixtures. Nasir Shafiq and Mohd Shahir Liew are currently Professors at the Department of Civil Engineering, UTP Malaysia. They have been involved in teaching and research for over 30 years. Nasir Shafiq area of research interest includes building information modeling, low carbon materials design and construction, and structural and materials engineering. Shahir Liew area of research interest is structural dynamics, and offshore engineering structures.
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PUBLIC INTEREST STATEMENT
The major problem of RCC pavement is high rigidity and lower tensile strength. This causes high tendency of cracking due to flexural and fatigue loading. Furthermore, due to the way RCC pavement is placed and compacted, dowel bars, tie rod or steel reinforcement cannot be used. Therefore any applied load is resisted by the concrete action alone and transferred to the lower courses through aggregate interlock. Due to continuous traffic loads on the RCC pavement, there is high possibility of failure of the pavement without reaching its service life and increases the cost of maintenance. Therefore, to improve the fatigue performance of RCC pavement, crumb rubber was used as partial replacement to fine aggregate due to its high elastic and deformation properties. Nano silica was added to mitigate the loss in strength with incorporation of crumb rubber into RCC pavement.
Introduction
According to ACI committee 207, "Roller-compacted concrete (RCC) is a concrete of no slump consistency in its unhardened state that is transported, placed and compacted using earth and rock fill construction equipment. Properties of hardened RCC are similar to those of conventional concrete" (American Concrete Institute, 207) . In another word, RCC can be said to be a Roller compacted concrete differs from conventional concrete due to its consistency requirements and compaction effort needed, with lower water content, lower paste content, higher fine aggregate content, no entrained air (Mehta & Monteiro, 2006) . The major advantages of RCC over conventionally placed concrete include high construction speed, reduced construction cost . RCC is used for pavement and dams applications (Adaska, 2006) . RCC pavement is subjected to flexural strength and repetitive cyclic loadings throughout its design life from moving vehicles. Fatigue is one of the commonest defects affecting pavement which affect the cost of maintenance and shortens pavement design life. It is, therefore, necessary to devise a means of reducing the fatigue effect by delaying the pavement deterioration and improving its design life. This is possible by incorporating additives such as polymers or fibers into the pavement mix where it absorbs the deformations and strains energy caused by heavy traffic (Moghaddam, Karim, & Abdelaziz, 2011) .
The Fatigue performance of many civil engineering structures are very important as they are subjected to continuous traffic loading throughout their lifespan. Example of such structures includes steel railway bridges and road pavements . RCC pavement is an important property of concern, since dowel bars, steel reinforcement or tie rods cannot be used in RCC pavement due to the way it is placed and consolidated. Meaning any load and its effect such as fatigue and flexural stresses are resisted by the concrete action alone and transferred through aggregate interlock to bottom layers (Mohammed, Adamu, & Liew, 2018) . The method of testing fatigue in concrete is generally very tedious, expensive and time-consuming to accomplish (Zhou, Zheng, Wang, Yang, & Lin, 2016) . Pavement fatigue design life is affected by several factors such as the type and content of the binder of the mixture used, air voids and temperature of the mix (Moghaddam et al., 2011) , aggregate type and gradation also have effect on fatigue life of pavement, larger aggregate gradation gives the worse fatigue life i.e. the larger the NMSA, the lower the fatigue life (Abo-Qudais & Shatnawi, 2007) .
Very scarce literature is available on the fatigue performance of RCC pavement. Sun et al. (1998) , studied the fatigue performance of fly ash RCC pavement at different stress ratios, they partially replaced cement with fly ash at 0, 15, 30, and 45%. They found that RCC exhibits excellent fatigue performance compared to conventional concrete pavement. They also found that fly ash increases the fatigue performance of RCC pavement by up to 50%. This was due to micro-aggregate effect and pozzolanic reactivity of fly ash. Graeff, Pilakoutas, Neocleous, and Peres (2012) , studied the effect of fibers on the fatigue performance of RCC pavement. They added 2% of 1 mm cold drawn wire with a cone forged at each end, and 2 and 6% fiber recovered from mechanical treatment of post-consumer tires, by mass of RCC. They tested the fatigue at 0.5, 0.7 and 0.9 stress levels. Both fibers increase the fatigue life of RCC, with 2% fiber content been optimum. However, this was true for up to 0.7 stress levels. Above 0.7 stress levels, RCC without fibers has better fatigue performance which is due to better aggregate interlocks. They concluded that the combination of both types of fibers will give better fatigue life than using single fiber type due to; fiber from post-consumer tires has better effectiveness in the restraining propagation of micro-cracks to meso-cracks, while fibers from cold drawn wires have the better efficiency to hold macro-cracks together. Sobhan, Gonzalez, and Reddy (2016) , studied the fatigue performance of RCC pavement base course made with recycled aggregate in wet and dry conditions. Their findings showed that RCC pavement base course in wet condition has lower fatigue strength and residual compressive/flexural strength compared to in dry condition. They also reported that recycled aggregates are good alternative materials to RCC pavement base course. Sobhan and Das (2007) , also studied the fatigue performance of soil-cement for pavement lower bases, made with stabilized recycled aggregate (SRA) containing cement and fly ash mixtures. They found that the fatigue performance of SRA is similar or higher than that of other traditional cementitious composites.
To the best knowledge of the authors, there is limited or no available literature that studied the effect of hybrid of crumb rubber and nano silica on the fatigue performance of RCC pavement. Therefore, this study is aimed at studying the fatigue performance of RCC pavement.
Materials and methods

Materials
Type I ordinary Portland cement which conforms to the requirements of ASTM C150 was used. Class F fly ash conforming the requirements of ASTM C612 was used as supplementary cementitious materials (SCM). Natural sand was used as a fine aggregate with a maximum size of 4.75 mm, specific gravity 2.65, fineness modulus 2.86 and water absorption of 1.24%. Two nominal maximum sizes of coarse aggregates have been used to achieve the desired combined aggregate gradation. These are 19 mm size having a specific gravity of 2.66 and water absorption of 0.48% and 6.35 mm size having a specific gravity of 2.55 and water absorption of 1.05%. Three different crumb rubber sizes have been combined to obtain similar gradation curve to fine aggregate. Therefore combinations of 40% mesh 30 (0.595 mm), 40% of 1-3 mm and 20% of 3-5 mm have been selected. Strong hydrophobic nano silica size 10-25 nm has been used as an additive to the cement. The nano-silica is amorphous in nature; therefore, it will act as both filler and pozzolanic material. One of the requirements for RCC pavement mixture production is using materials finer than 75 μm (No 200 sieve) to achieve a more cohesive paste with reduced void volume. The recommended amount should be between 2 to 8% of the total aggregates Mohammed & Adamu, 2018a) . In this study, the same class F fly ash used as SCM was used as mineral filler.
Mix design and proportioning
Mix proportioning has been carried out according to the geotechnical approach to the requirements of ACI 211.3R-02 (A. Lazaro). Firstly, the combined aggregate gradation of fine and coarse aggregate to be within the limits recommended by ACI 325.10R and ACI 211.3R was determined. After several series of trials, a combination of 55% fine aggregate, 20% of 19 mm maximum sized coarse aggregate, 20% of 6.3 mm coarse aggregate and 5% mineral filler has been selected and the combined aggregate gradation is plotted as shown in Figure 1 . The optimum moisture contents and maximum dry densities for RCC mix with 12, 13, 14 and 15% by weight of dry aggregate have been determined according to the requirements of ASTM D 1557-12e. The optimum moisture content for RCC with 12, 13, 14 and 15% cement has been found to be 5.46, 5.56, 5.92 and 6.09%, respectively. Subsequently, the relationship between cement content and flexural strength was determined, this has been done by producing four RCC mixes with 12, 13, 14 and 15% cement content and water content equal to their OMC and then tested for flexural strengths at age of 28 days. Based on target flexural strength of 4.8 MPa, 13% cement content has been selected to be used in this study. A water/cement ratio of 0.42 has been established based on the quantities of the selected materials. To reduce the water content and increase consistency, 1% superplasticizer by weight of cementitious materials was added and the water content has been reduced by 12%, bringing the water/cement ratio down to 0.37.
Sample preparations and experimental programs
Mix composition
In this study, five mixtures were prepared. They are one control mixture, two mixtures with fine aggregate replaced using crumb rubber at 10 and 20% by volume; one mixture containing 20% crumb rubber as partial replacement to fine aggregate 1% nano silica added by weight of cementitious materials. Lastly, one high volume fly ash (HVFA) RCC pavement mixture where 50% cement was replaced with fly ash, and 20% fine aggregate replaced with crumb rubber. Each mix was assigned a designation code based on fly ash, crumb rubber and nano silica used, for example, M10C0N refers to RCC mixture with 10% of crumb rubber and 0% nano silica, M20C50F0N is an RCC mixture with 20% crumb rubber, 50% HVFA and 0% of nano-silica. RCC mix proportions are shown in Table 1 .
Test Procedures
In order to simulate roller compaction, and achieve a fully consolidated RCC mixture, vibration hammer of 50 Hz capacity was used to compact the RCC samples, which is in accordance to the requirements of ASTM C1435. Full compaction was achieved when ring of mortar forms across the periphery of the base plate.
In this study, the flexural strength test has been performed in accordance with ASTM C293 using a simple beam with center point loads. The test was conducted using self-straining loading frame attached to a 500 kN capacity dynamic servo-controlled actuator as shown in Figure 2 . For each mixture, two beams of 100 mm × 100 mm × 500 mm were prepared and used for the testing, the average value then recorded. The loading was applied at a speed of 0.1 mm/s. The test performed after 28 days curing period in water at a temperature of 23 °C.
The fatigue test is used to determine the number of cycles of repetitive loads the RCC will resist without failure at a specific stress ratio. Beams of 100 mm × 100 mm × 500 mm sizes were prepared and cured in water for 28 days prior to testing. The fatigue test has been carried in a similar way to flexural strength using three points load. Self-straining loading frame attached to a 500 kN capacity dynamic servo-controlled actuator was used for testing. The maximum static flexural loads (f r ) obtained from the flexural test results of each mix was used for evaluating the repetitive loads. The fatigue test was conducted at three stress levels (S = f max /f r ) i.e. 0.7, 0.8 and 0.9 due to the fact that at lower stress levels the specimens will reach their limits without failing, and at very high-stress levels the specimens will fail at few cycles. The maximum load (f max ) to be applied to each specimen for the fatigue test was calculated from the static flexural load (f r ) and the stress levels. A constant fatigue stress ratio (R = f max /f min ) was kept constant to 0.1 throughout the fatigue testing due to the fact that the minimum sustainable stress on pavement cannot be zero. The minimum load (f min ) to be applied on each specimen in the fatigue test was calculated from the maximum fatigue load (f max ) and the stress ratio R. The loading parameter for each mix/stress level is shown in Table 2 . The fatigue test was terminated as soon as the specimen fails or reaches 2 million cycles without failure, and the number of cycles was recorded. 
Results and discussion
Flexural strength
The result of the 28 days flexural strengths are shown in Figure 3 . The flexural strengths of RCC pavement mixtures without incorporation of HVFA increase when crumb rubber (CR) replaced fine aggregate. The flexural strength of M10C0N and M20C0N were higher than the control (M0C0N) by 39.2 and 9.3% respectively. These results were in agreement with the findings of Yilmaz and Degirmenci (2009) for using crumb rubber in conventional concrete, and Fakhri (2016) for RCC pavement incorporating crumb rubber. The increase in flexural strength is attributed to the high bending deformation and fiber nature of CR, which gives the RCC post-cracking behavior and allows it to resist some flexural load even after failure (Thomas & Gupta, 2015) . On the other hand, partial replacement of cement with HVFA decreases its flexural strength. The flexural strength of M20C50F0N was lower than that of M0C0N by 21.7%. This decrease can be attributed to a combination of two factors; poor bonding between cement paste and crumb rubber, thus increasing the weakness points, causing failure to occur with application of bending loads (Mohammed & Azmi, 2014; Mohammed et al., 2017) , and slower pozzolanic reactivity of fly ash at early ages which causes lower calcium-silicatehydrate development, thus leading to reduction in bending resistance (Lv, Zhou, Du, & Wu, 2015) . The addition of 1% nano silica increases the flexural strength of RCC pavement. The flexural strength of M20C1N was higher by 15.9 and 6.0% compared to M0C0N and M20C0N respectively. This increase is attributed to the strengthening and densification of the ITZ between crumb rubber-cement paste and aggregate-cement paste due to the increased pozzolanic reaction by NS (Mukharjee & Barai, 2014) . 
Fatigue
The number of cycles (N) required causing fatigue failure at different stress ratios for the RCC mixtures is given in Table 3 . For each mixture/stress levels, two samples have been tested, and the best results were chosen for analysis and result interpretation. The fatigue results exhibit wide variations and discreteness with one another. This can be attributed to the composite nature and inhomogeneity in the RCC mixtures which resulted to dissimilar fatigue lives for each mixture under the same stress levels (Liu, Meng, Ning, & Li, 2015) . The fatigue live of RCC decreases with increase in stress levels, i.e. higher fatigue lives were achieved at the lower stress levels. Furthermore, it can be observed that at the same stress levels, the fatigue lives (the number of cycles) of RCC increases with increase in partial replacement of fine aggregate with crumb rubber. For example, the highest fatigue live was achieved for M20C0N at 0.7 stress level. This increase can be attributed to the high elastic, deformation and fiber nature of crumb rubber, which makes it act as a micro spring in the RCC mixtures, thereby decreasing its flexural elasticity, absorbing strain energy from the cyclic loads through deformation, delaying crack initiation time, and bridging micro-cracks under cyclic loadings thereby increasing its fatigue life (Liu et al., 2015) .
The addition of nano silica increases the fatigue life of RCC at the same stress level. It can be observed from Table 3 , at the same stress levels the under of cycles required to cause fatigue failure for mixture M20C1N were higher compared to that of M20C0N and M0C0N. Nano silica increases cement hydration and contributes in the pozzolanic reaction in RCC, this in addition to its filler nature helps in densifying the interfacial transition zone between cement paste and rubber particles, makes the hardened cement paste denser and compact by decreasing its porosity (Mohammed & Adamu, 2018b; Mohammed, Awang, San Wong, & Nhavene, 2016) . This leads to increase in fatigue life of RCC pavement as fatigue failure occurs by initiating micro-cracks through the weak zones (pores) in the hardened cement matrix which later propagates to macro-cracks (Aggarwal, Singh, & Aggarwal, 2015; Li, Zhang, & Ou, 2007) .
The fatigue life of RCC pavement decreases with partial replacement of cement with HVFA. For example, the fatigue number of M20C50F0N was found to be lower than that of M20C0N and M0C0N at the same stress levels. This decrease can be attributed to the reduction in cement hydration and the slower pozzolanic reaction of fly ash at an early age which resulted to higher porosity in the hardened RCC mixtures, thus increasing the tendency of micro-cracks initiation with the application of cyclic loads which leads to lower fatigue life (Sun et al., 1998) . However, Yoo, Ryu, and Choo (2015) reported that the fatigue life of reinforced concrete beams increases when 50% high volume fly ash was used as cement replacement and tested at longer age.
The Wohler curve or S-N curve can be used to obtain the relationship between the stress levels (S) and the number of cycles for fatigue failure (N). However, the major setback of the S-N method is that it does not include the degradation state of the RCC pavement under fatigue loading Zampieri, Curtarello, Pellegrino, & Maiorana, 2018) . The generalized fatigue S-N relationships as recommended by several researchers is either the single logarithmic function shown in Equation (1) or double logarithmic function as given in Equation (2) (Liu et al., 2015) .
where S is the stress levels, N is the number of cycles, x and y are the regression coefficients which reflects the height and steepness of the S-N curve respectively.
The choice of either the single logarithmic or the double logarithmic equations to represent the fatigue S-N behavior of a material depends on the ranges of stress levels (S) used. For a range (0.55 < S < 0.85), then the single logarithmic equation is best used and cannot extend, while for S (1)
values outside this range, the double logarithmic function is the best recommended (Li et al., 2007) . Therefore the double logarithmic equations were used to develop the S-N relationships and S-N curves of RCC mixtures as shown in Table 4 and Figure 4 respectively. The developed S-N relationships have a high degree of correlations (R 2 > 0.8), with RCC mixture M10C0N having the best correlation. Therefore, the double logarithmic function can be used to develop the S-N fatigue relationship for RCR mixtures. By comparing the developed relationships in Table 3 and Equation (2), it can be seen that mixture M20C1N has the highest x-coefficient (0.3987) and y-coefficient (0.095) which implies it has the highest fatigue life and is more sensitive to change in stress respectively compared to the other mixtures. While mixture M0C0N has the lowest x-coefficient (0.1016) and lowest y-coefficient (0.046), therefore it has the lowest fatigue life and sensitivity to change in stress respectively (Li et al., 2007) . This can be verified by observing Figure 4 , the curve for M20C1N is the highest and the steepest while that of M0C0N is the lowest and the mildest.
Conclusions
The following conclusions can be drawn based on the experimental works and results analysis carried out.
• The flexural strength of RCC pavement increased with the replacement of up to 20% fine aggregate with crumb rubber and the addition of nano-silica. However, HVFA decreases the flexural strength of RCC pavement
• The fatigue performance of RCC pavement increases with partial replacement of fine aggregate with crumb rubber and the addition of nano-silica. However, the use of HVFA decreases the fatigue performance of RCC pavement.
• The developed double logarithmic-equation of the S-N fatigue curve for RCC pavement mixtures has a good degree of correlation 
